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LOW TOTAL EXCURSION DISPERSION MAPS 
BACKGROUND 

Field of the Invention 

The invention relates to optical communication systems and processes. 
5 Discussion of the Related Art 

In optical communications systems, transmission optical fibers cause 
chromatic dispersion and nonlinear optical effects. Both effects degrade optical 
pulses in ways that increase transmission errors. To reduce the pulse degradation 
caused by chromatic dispersion, optical communication systems typically incorporate 

10 dispersion compensation devices, e.g., dispersion compensating fibers (DCFs), 

dispersion compensating interferometers, or dispersion compensating grating systems, 
to compensate for chromatic dispersion. To reduce the pulse degradation caused by 
nonlinear optical effects, long-haul optical communication systems typically manage 
dispersion through special processes and special dispersion maps. 

15 The special processes involve transmitting optical pulses over transmission 

spans in a pseudo-linear transmission regime (PLTR). The PLTR is defined by the 
following operating conditions: a bit rate of 10 Giga bits per second (Gb/s) or higher, 
a wavelength of 1.25 micrometers (\xm) to 1.7 ]Lim, a pulse full width at half maximum 
power of 60 ps or less, and a pulse duty cycle of between 10% and 70%. The 

20 transmission spans are typically single mode optical fibers with high magnitude of the 
dispersions that are about + 2 pico seconds (ps) or more per nanometer (nm) per 
kilometer (km) at communication wavelengths. Due to this high dispersion, the 
transmission spans cause substantial broadening of optical pulses. In the PLTR, this 
pulse broadening causes multiple optical pulses from nearby frequency channels to 

25 substantially overlap in time, which averages inter-pulse interactions and reduces 
pulse distortion from inter-channel interactions. 

The special dispersion maps result from chromatic dispersion compensation 
devices that are located at the input and/or output ends of transmission spans. Herein, 
a dispersion map plots the cumulative dispersion as a function of transmission 

30 distance along an optical communication path. The dispersion compensation devices 
at the input and/or output ends of transmission spans produce abrupt changes in 
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cumulative dispersion along the communication path thereby producing nontrivial 
dispersion maps. 

Figure 1 shows a dispersion map 8 of an optical communication path with 
eight identical transmission spans. Each transmission span includes 100 km of 
positive dispersion single mode fiber (SMF) 10. Between the ends of the SMFs 10 of 
adjacent transmission spans is a DCF 12. Along each transmission SMF 10, the 
cumulative dispersion increases linearly with distance. Along each DCF 12, the 
cumulative dispersion decreases linearly with distance. The lengths of the DCFs 12 
are selected to produce full compensation of the dispersion 14 that accumulated on the 
preceding transmission SMF 10. This full compensation of chromatic dispersion 
produces a dispersion map in which the cumulative dispersion is periodic in a span- 
by-span manner. This dispersion map is referred to as a full-span compensation map. 

While full-span compensation maps do compensate very well for the pulse 
degradation caused by chromatic dispersion, these maps do not completely correct for 
the pulse degradation caused by nonlinear optical effects. In particular, the span-by- 
span periodicity suggests that any residual pulse degradation from nonlinear optical 
effects will add constructively with the number of spans as a pulse travels along the 
optical communication path. In long haul communication systems, this constructive 
accumulation of nonlinear distortions can be the primary contribution to the bit error 
rate (BER) and pulse degradation." 

Figure 2 shows a dispersion map 16 for an optical communication system that 
includes a series of identical transmission spans of positive dispersion SMF, a DCF 
located after each transmission span, a pre-transmission dispersion compensator, and 
a post- transmission dispersion compensator. The dispersion map 16 provides pre- 
transmission dispersion compensation, Cpre, prior to the first span, in-line dispersion 
compensation, Cil, after each transmission span, and post-transmission dispersion 
compensation, Cpost, after the last transmission span. In the dispersion map 16, the 
in-line dispersion compensation, Ci L , does not entirely compensate for the positive 
dispersion that accumulates in the preceding transmission span of positive dispersion 
SMF. Instead, a residual dispersion per span, Crops* remains after the in-line 
dispersion compensation for each span. A nonzero and constant value of Crops, as 
e.g., in the map 16, produces a dispersion map that is referred to as a singly periodic 
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map. If the value of Crops is the same and zero for each span as, e.g., in Figure 1, the 
dispersion map is referred to as a full-span compensation map. 

Some special dispersion maps better compensate for the pulse degradation 
caused by nonlinear optical effects. In particular, it is believed that optimal values of 
Cpre exist for singly periodic dispersion maps that are EDFA pumped. For such 
maps, the approximately optimal Cp RE is believed to satisfy: 

Cpre = - NCrdps/2 + (D/cc)ln([l - exp(- aLs pan )]/2) 
Here, oc is the power loss per unit length in a transmission span, N is the total number 
of spans, D is the dispersion in optical fibers of the transmission spans, and Ls pan is the 
length of each span. The above equation defines Cpre in terms of Crops when the 
physical parameters of the transmission spans, i.e., Ls pa n, D, and a, are given. A 
singly periodic map that satisfies the above optimization equation will compensate 
well for the effects of intra-channel cross-phase modulation and intra-channel four- 
wave mixing. 

Among dispersion maps that satisfy the above optimization equation, singly 
periodic maps with small Crops' s seem to produce large amounts of timing jitter in 
transmitted optical pulses. Normally, large amounts of timing jitter are not desirable, 
because timing jitter can cause reception errors. 

Various nontrivial dispersion maps are described in U.S. Patent 6,583,907 
issued June 24, 2003; U.S. Patent 6,606,176 issued Aug. 12, 1999; and U.S. Patent 
Application 10/152,645, filed May 21, 2002 by R.-J. Essiambre et al all of which are 
incorporated herein by reference in their entirety. While special dispersion maps have 
reduced the amount of pulse degradation from nonlinear optical effects, processes for 
further reducing such pulse degradation are desirable. Such processes could enable 
higher bit rates and/or higher power levels that allow optical transmission of data over 
longer distances. 

BRIEF SUMMARY 

The various embodiments relate to long-haul all-optical transmission systems 
and processes that produce low total excursion. These maps reduce pulse degradation 
from nonlinear optical effects when transmission is performed in the pseudo-linear 
transmission regime (PLTR) over long.haul distances. The new optical transmission 
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systems and processes open potentials for optically transmitting data at higher bit 
rates and/or higher power levels that enable optical transmission of data over longer 
distances. 

In one aspect, a process optically transports digital data over a long-haul all- 
5 optical communication path. The process includes transporting digital optical data 
signals, e.g., optical pulses, at a selected bit rate and wavelength over a consecutive or 
non-consecutive sequence of transmission spans. The sequence includes 70 percent 
or more of the spans of the long-haul all-optical communication path. Each span of 
the sequence is configured to have one or more local maximum optical power points 

10 for the selected wavelength on a transmission fiber thereof. The transporting step 

causes a cumulative dispersion of each transported digital optical data signal to evolve 
along a dispersion map of the path. The map is such that residual dispersions per span 
over some ones of the spans are positive at the selected wavelength and over other 
ones of the spans are negative at the selected wavelength. For each span, a primary 

15 local maximum power point at the selected wavelength is the local maximum power 
point located nearest to a signal input in the associated fiber. At the primary local 
maximum power point of each span of the sequence, magnitudes of cumulative 
dispersions of the optical data signals in pico seconds per nanometer are less than 
32,000 times the inverse of the bit rate in giga bits per second. 

20 In some embodiments, cumulative dispersions of the digital optical data 

signals in pico seconds per nanometer at the primary local maximum power point of 
each span of the sequence are less than about 16,000 times the inverse of the bit rate 
in giga bits per second. In some embodiments, each transmission fiber is a non- 
hybrid transmission optical fiber and each transmission span of the sequence includes 

25 a dispersion compensator cascaded with the transmission fiber of the same span. 

In some embodiments, the transporting may include transporting digital 
optical data signals or pulses in a pseudo-linear transmission regime (PLTR). 

The dispersion map may be doubly periodic or have a non-definite periodicity. 
In embodiments where the map is doubly periodic, the process may further 

30 include pre-transmission dispersion compensating each digital optical data signal with 
a precompensation C PRE where C PRE = - NCrdps/2 + (D/a)ln([l - exp(- aLs pa n)]/2) ± 
300 ps/nm. Here, a and D are the respective average power loss per unit length in the 
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transmission fibers and the average dispersion in the transmission fibers. Here, Crops 
is the average of the residual dispersions per span over the transmission spans of the 
path, and Ls pan is the average length of said transmission fibers. N is the number of 
transmission spans in a repeat unit of the doubly periodic map, i.e., a repeat period of 
5 the map that is greater than one span and less than the entire path. 

In another aspect, a long-haul all-optical communication system for 
transmitting digital optical data signals, e.g., optical pulses, at a selected bit rate and a 
selected wavelength includes a consecutive or non-consecutive sequence of optical 
transmission spans. The spans of the sequence form at least 70 percent of the spans of 

10 the long-haul all-optical communication path. Each span of the sequence has in the 
path a transmission single-mode optical fiber, an optical amplifier, and a dispersion 
compensator. The path causes cumulative dispersions of digital optical data signals to 
evolve over a dispersion map such that residual dispersions per span are positive over 
some of the spans for the selected wavelength and are negative over others of the 

15 spans for the selected wavelength. The path is configured to produce one or more 
local maximum optical power points in each transmission optical fiber. For the 
selected wavelength, the local maximum power point nearest to the signal input of 
one of the fibers is the primary local maximum power point of the associated span. 
The path is configured such that at the primary local maximum power points of the 

20 spans in the sequence, magnitudes of cumulative dispersions of the digital optical data 
signals in pico seconds per nanometer are less than 32,000 times the inverse of the bit 
rate in giga bits per second. 

In some embodiments, the dispersion map is a doubly periodic map or is a 
map having a non-definite periodicity. The combined length of the transmission 

25 fibers may be 2,000 kilometers or more. 

In some embodiments, each transmission fiber is a non-hybrid transmission 
optical fiber. 

In some embodiments, the transmitter is configured to transmit optical pulses 
in a pseudo-linear transmission regime. 
30 In another aspect, a long-haul optical communication system transmits optical 

pulses at a selected bit rate and a selected wavelength. The system includes a 
consecutive or non-consecutive sequence of spans forming 80 percent of the 
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transmission spans of the all-optical long-haul optical communication path. Each 
span of the sequence includes a positive dispersion transmission optical fiber, an 
optical amplifier, and a dispersion compensator. The path is configured to cause 
cumulative dispersions of the pulses to evolve such that residual dispersions per span 
are positive over some ones of the spans of the consecutive or non-consecutive 
sequence and are negative over other ones of the spans of the sequence. The path is 
configured to produce in each fiber one or more local maximum optical power points 
at the selected wavelength. Each fiber has one or more segments where during 
operation a time-averaged optical power at the selected wavelength is at least 0.2 
times the largest value along the same fiber of the time-averaged optical power at the 
selected wavelength. A primary one of the segments is such that an integral of a time- 
averaged optical power at the selected wavelength along the length of the primary one 
of the segments is greater than or equal to an integral of the optical power at the 
selected wavelength along the length of any other one of the segments for the same 
fiber. The path is such that in said primary ones of the segments of the fibers, 
magnitudes of cumulative dispersions of the optical pulses in pico seconds per 
nanometer are less than 32,000 times the inverse of the bit rate in giga bits per second. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a conventional full-span compensation dispersion map in 
which the residual dispersion per span is zero; 

Figure 2 shows a conventional singly periodic dispersion map in which the 
5 residual dispersion per span is nonzero and constant over the optical communication 
path; 

Figure 3A shows an optical communication path; 
Figure 3B is a flow chart illustrating a process for operating the optical 
communication path of Figure 3 A; 
10 Figure 3C illustrates power evolution of an optical signal as the signal 

propagates along a transmission span of single-mode optical fiber in an embodiment 
that relies on erbium doped fiber (EDF) amplification; 

Figure 3D illustrates power evolution of an optical signal as the signal 
propagates along a transmission span of single-mode optical fiber in an embodiment 
15 that relies on backwards Raman amplification; 

Figure 3E illustrates power evolution of an optical signal as the signal 
propagates along a transmission span of single-mode optical fiber in an embodiment 
that relies on combined forward and backwards Raman amplification; 

Figure 4 shows an in-line amplifier of the optical communication path of 
20 Figure 3A; 

Figures 5A plots predictions for the required optical signal to noise ratios 
(ROSNRs) needed for a bit error rate of 10" 9 during single channel operation of an 
optical communication path with a singly periodic dispersion map; 

Figures 5B plots predictions for the ROSNRs needed for a bit error rate of 10"' 
25 during dense wavelength division multiplexed (DWDM) operation of an optical 
communication path with a singly periodic dispersion map; 

Figure 6 shows a low total excursion, singly periodic dispersion map that may 
be incorporated into the optical communication path of Figure 3; 

Figure 7 shows a low total excursion, doubly periodic dispersion map that is 
30 incorporated into some embodiments of the optical communication path of Figure 3; 
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Figure 8 shows a low total excursion, dispersion map of non-definite 
periodicity that is incorporated into some embodiments of the optical communication 
path of Figure 3; 

Figure 9 illustrate eye closure penalties for optical communication paths 
according to Figure 3 for a singly periodic dispersion map; and 

Figure 10 illustrates eye closure penalties for an embodiment of the optical 
communication path of Figure 3, which has a doubly periodic dispersion map. 

In the Figures and text, like reference numerals indicate elements with similar 
functions. 

DETAILED DESCRIPTION 

Herein, a long haul, all-optical communication path includes a series of 
transmission spans whose combined length is more than about 1,000 kilometers. In 
such a path, the series of transmission spans may be 2,000 kilometers long or longer. 

Figure 3 A shows a long haul, all-optical, communication path 20 that connects 
an optical transmitter 22, which encodes digital data into a stream of digital optical 
data signals, to an optical receiver 24, which extracts digital data from such streams of 
digital optical data signals. The stream of digital data may encode the data as a 
stream of optical pulses or as a stream of phase modulations on an optical carrier and 
may encode the data in an optical return-to-zero (RZ) format or an optical non-return- 
to-zero (NRZ) format. The optical communication path 20 includes the optical 
transmission spans 26 and in-line optical amplifiers 28, which are disposed between 
adjacent pairs of the optical transmission spans 26. Each optical transmission span 26 
includes a single mode, optical fiber (SMF) for transmitting optical signals. The 
transmission SMFs are typically non-hybrid single mode optical fibers with 
dispersions whose magnitudes are at least 2 ps per nm per km. The dispersion is 
substantially constant along a transmission fiber's length. In embodiments described 
below, the transmission spans 26 use positive dispersion SMFs (PDSMFs) as 
transmission fibers, but embodiments where the transmission spans 26 use negative 
dispersion SMFs (NDSMFs) are also in the scope of the invention. Exemplary 
transmission PDSMFs include standard single mode optical fibers, dispersion shifted 
single mode optical fibers, and various single mode optical fibers available under the 
True Wave® product names from OFS Corporation of Norcross, Georgia USA and 
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Copenhagen, Denmark. Typically, each transmission SMF is 50 km or more long, 
preferably is about 80 km or longer, and more preferably is between 80 km and 120 
km long. Each in-line optical amplifier 28 is a lumped device that produces both 
optical amplification and in-line dispersion compensation. 
5 Figure 4 shows one in-line optical amplifier 28 of the long haul all-optical 

communication path 20 of Figure3A. The in-line optical amplifier 28 includes optical 
amplifier stages 36, 37; a DCF 38; and other optical components 40. Exemplary 
optical amplifier stages 36, 37 include rare earth doped amplifiers, e.g., erbium doped 
fiber amplifiers (EDFAs), and/or Raman amplifiers. For embodiments where the 
10 transmission spans 26 are PDSMFs, the DCF 38 is a single-mode optical fiber, which 
has a negative dispersion. For spans 26 of PDSMF, exemplary DCFs 38 have 
dispersions of about -85 ps/nm. For embodiments where the transmission spans 26 
are NDSMFs, the DCFs 38 have positive dispersions. In exemplary in-line optical 
amplifiers 28, the amplifier stage 37 is often designed so that the DCF 38 operates at a 
15 much lower power than high power portions of the transmission spans 26. For that 
reason, nonlinear optical effects are often negligible in the DCF 38. Exemplary 
optical components 40 include optical add/drop devices, optical multiplexers, optical 
demultiplexers, etc. 

The optical communication path 20 incorporates pre-transmission, post- 
20 transmission, and in-line dispersion compensation to produce dispersion mapping. 
The pre-transmission dispersion compensation, Cpre, is produced by a dispersion 
compensator 32, e.g., a DCF, located before the optical amplifier 30 of the transmitter 
22. The negative or positive post-transmission dispersion compensation, Cpost, is 
produced by a dispersion compensator 34, e.g., a DCF or a section of standard SMF 
25 depending on the sign of Cpost- The dispersion compensator 34 is located between 
the last in-line optical amplifier 28 of the optical communication path 20 and the 
optical receiver 24. The in-line dispersion compensation, Ql, is produced by the 
DCFs 38 that are located in the in-line amplifiers 28. In the long-haul all-optical 
communication optical path 20, the configuration of the dispersion compensators 32, 
30 38, 34 can produce dispersion maps of the types shown in Figures 6-8. 

In some embodiments, the long-haul all-optical communication path 20 has a 
Cpre that is selected to optimally suppress nonlinear signal distortions over the length 
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of the optical communication path 20. Methods for selecting such an optimal C PRE , 
are, e.g., described in U.S. Patent Application No. 10/152,645 ('645), filed by Rene'- 
Jean Essiambre and Lisa Wickham on May 21, 2002. Said '645 patent application is 
incorporated herein by reference in its entirety. 
5 In some embodiments of the long-haul all-optical, communication path 20 

with a doubly periodic dispersion map and transmission spans 26 of PDSMF, the pre- 
transmission dispersion compensation, Cpre, may be such that C PRE = - NC r D ps/ 2 + 
(D/a)ln([l - exp(- ocLs pail )]/2) ± 20 % or preferably ± 5 %. Here, a, D, and L span are 
the average power loss per unit length in the PDSMFs of the transmission spans 26, 

10 the average dispersion in the PDSMFs of the transmission spans 26, and the average 
length of the PDSMFs of the transmission spans 26 of the path 20, respectively. N is 
the number of transmission spans 26 in a macro-period or repeat unit of the doubly 
periodic map. Crdps is the residual dispersion per span averaged over the 
transmission spans 26 of the optical communication path 20.Figure 3B illustrates a 

15 process 50 for operating the long haul all-optical communication path 20 of Figure 
3A. The process 50 includes receiving streaming digital optical data signals, e.g., 
optical pulses, from optical transmitter 22 (step 52). The process 50 includes 
optically transporting the streaming digital optical data signals over a sequence of 
transmission spans of the all-optical communication path 20 (step 54). Herein, the 

20 expression "a sequence of spans" is meant to encompass either a sequence of 
consecutive spans in the associated communication path or a sequence of non- 
consecutive spans of the associated communication path. The sequence includes 70 
percent or more of the spans of the all-optical long-haul communication path 20 and 
may include 80 percent or more of the spans, 90 percent or more of the spans, or even 

25 all the spans of the path 20. The transporting step 54 transmits the streaming digital 
optical data to receiver 24 at the selected bit rate and wavelength of the transmitter 22 
via transmission spans 26 of SMF. For the selected wavelength, each span 26 has 
during operation one or more local maximum optical power points on the 
transmission fiber thereof. For the selected wavelength, a primary local maximum 

30 power point of a given transmission span 26 is the local maximum power point 

located nearest to the signal input in the SMF of the given transmission span 26. The 
transporting step 54 causes cumulative dispersions of the transported optical data 
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signals, e.g., optical pulses, to evolve along a dispersion map of the path 20. The 
dispersion map is such that residual dispersions per span are positive over some ones 
of the spans 26 of SMF in the sequence at the selected wavelength and such that 
residual dispersions per span are negative over other ones of the spans 26 of SMF in 
5 the sequence at the selected wavelength. For example, the map may be a doubly 
periodic map or a map of non-definite periodicity. During operation, each SMF of a 
transmission span 26 in the sequence has one or more segments (HPS) where a time- 
averaged optical power at the selected wavelength is at least 0.2 times the largest 
value of a time-averaged optical power at the wavelength along the same SMF. For 

10 the selected wavelength, on the primary one of the above segments, an integral of a 
time-averaged optical power along the length thereof is greater than or equal to an 
integral of the optical power along any other one of the above segments for the same 
fiber. In said primary ones of the segments of the fibers in the sequence, magnitudes 
of cumulative dispersions of the optical data signals in pico seconds per nanometer 

15 remain less than 32,000 times the inverse of the bit rate in giga bits per second. 

Figures 3C - 3E illustrate the above-described high optical power segments 
(HPSs) and local maximum power points (LMPPs) at the selected wavelength. The 
illustrated spans 26 of Figures 3C - 3E have SMFs of length, L, and use different 
amplification schemes. The amplification schemes are EDFA, backward Raman, and 

20 combined forward and backward Raman amplification, respectively. In the various 
cases, the SMF has one or two local maximum power points at the selected signal 
wavelength. For many amplification schemes, the integral of the signal optical power 
over a segment of the path is larger if the segment is near the signal input of a 
transmission span than if the segment is near the signal output of the span. For 

25 example, in Figure 3D, the optical power integrated along the high power segment 
(HPS-1) near the input of the SMF is larger than the optical power integrated along 
the other high power segment (HPS-2) of the same SMF. Thus, nonlinear effects 
from the high power segment (HPS-1) close to the input of the fiber are typically 
more important than such effects from any other high power segment (HPS-2) therein. 

30 Therefore, at primary local maximum power points of SMFs of the sequence of spans 
26, magnitudes of cumulative dispersions of the optical data signals in pico seconds 
per nanometer are desirably less than 32,000 times the inverse of the bit rate in giga 
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bits per second. At the selected wavelength, the primary local maximum power point 
of a span 26 is the local maximum power point of the associated SMF that is located 
nearest the input to the SMF. Preferably, at said primary local maximum power 
points, cumulative dispersions are also less than 16,000 times the inverse of the bit 
5 rate in giga bits per second. 

Herein, for optical pulses, cumulative dispersions are defined by the evolution 
of pulse widths and for phase modulations of an optical carrier, are defined by the 
evolution of distances between adjacent phase modulations of the carrier. 

For some embodiments of the above process, in said segments, cumulative 

10 dispersions of the digital optical data signals in pico seconds per nanometer at said 
points may remain less than about 16,000 times the inverse of the bit rate in giga bits 
per second. The streaming digital optical signals and transporting of said optical 
signals may be in a pseudo-linear transmission regime (PLTR). Since typical 
embodiments of long haul, all-optical, communication path 20 incorporate 

15 transmission spans 26 of PDSMF, these optical communication paths 20 can be 

implemented as a relatively inexpensive improvement to many deployed long-haul 
optical communication paths. In particular, implementing such an improvement 
would not typically involve the replacement of already deployed optical transmission 
spans. Instead, implementation would involve replacing dispersion compensators, 

20 e.g., compensators 30, 34, 38. The dispersion compensators are lumped devices, 
which are more readily accessed and replaced than deployed optical fiber of long 
transmission spans. For that reason, such improvements should be much less costly 
than improvements that involve replacing the optical transmission spans themselves. 
Implementing various embodiments of optical path 20 as improvements to deployed 

25 systems should, e.g., be much less costly than replacing deployed transmission spans 
of non-hybrid optical fiber with hybrid optical fibers. Herein, a hybrid optical fiber is 
an optical fiber that is formed of an alternating sequence of segments of positive 
dispersion optical fiber and segments of negative dispersion optical fiber. 

Recent simulation-based studies account better for intra-channel interactions 

30 between long trains of optical pulses than simulations of earlier studies. Earlier 
studies typically simulated well interactions between short random sequences of 
optical pulses, but did not faithfully simulate interactions between long pseudo- 
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random sequences of optical pulses. The recent studies more faithfully simulate 
interactions between long random sequences of optical pulses. The results of these 
studies indicate that dispersion maps with low total excursion have advantages over 
maps with large total excursion. 
5 The results of other recent studies indicate that non-singly periodic dispersion 

maps have advantages over singly periodic dispersion maps having comparable total 
excursions. 

Herein, the total excursion is the maximum value in a particular set. The set's 
members are the magnitude(s) of the difference(s) between the cumulative dispersion 

10 at the local maximum optical power point(s) of one span of transmission fiber and the 
cumulative dispersion at the local maximum optical power point(s) of another span of 
transmission fiber. The set includes value(s) for said magnitude(s) for all pairs of 
different spans of the associated optical communication path. 

The definition of the one or more local maximum optical power points of a 

15 transmission fiber depends on the amplification scheme for the span. If the optical 
pulses are optically amplified prior to the transmission fiber of a span, e.g., via rare- 
earth amplification or forward Raman optical amplification, a single local maximum 
power point is located at or near the "input" end of the transmission fiber. If the 
optical pulses are backward Raman optically amplified along the transmission fiber of 

20 a span, a single local maximum power point is at the "output" end of the transmission 
fiber. If the optical pulses are both optically amplified prior to the transmission fiber 
of a span and backward Raman optically amplified along the transmission fiber, the 
transmission fiber has two local maximum power points; one is located at the "input" 
end of the fiber and one is located at the "output" end of the transmission fiber. 

25 Figure 6 illustrates the total excursion for various optical amplification schemes. In 
the cases where optical amplification is prior to transmission to each transmission 
fiber, optical amplification is backward along each transmission fiber, and optical 
amplification is both prior to transmission to each transmission fiber and backward 
along each transmission fiber, the total excursion is given by TE P , TE B , and TE PB , 

30 respectively, as shown in Figure 6. 

Figures 5 A and 5B plot simulated predictions for values of the ROSNR that 
are needed to obtain a preselected bit error rate (BER) of 10" 9 at a bit rate of 40 Gb/s. 
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Figure 5A and Figure 5B show the ROSNR values obtained for an exemplary optical 
communication path 20 in a single channel mode and in a dense wavelength-division 
multiplexed (DWDM) mode, respectively. The simulated values are based on an 
optical communication path 20 with twenty-eight identical transmission spans 26, 
5 wherein each transmission span 20 includes 80 kilometers (km) of standard single 
mode optical fiber (SSMF), i.e., PDSMFs. The simulations assumed that each SSMF 
had a dispersion of 17 ps/[(nm)(km)], a dispersion slope of 0.055 ps/[(nm 2 )(km)], a 
loss coefficient of 0.2 dB/km, and a nonlinear coefficient y of 1 .22/[(watt)(km)]. The 
simulations also assumed that the optical communication path 20 has a singly periodic 

10 dispersion map in which Cpre has been optimized in terms of Crdps as already 

described herein. The simulated optical communication path 20 has in-line amplifiers 
28 that operate as EDFAs and that introduce negligible nonlinear optical effects, i.e., 
due to assumed low power levels therein. The simulations used a De Bruijn bit 
sequence (DBBS) to simulate pseudo-random intra-channel interactions between 

15 sequences of optical pulses. The plotted ROSNR values were obtained from DBBSs 
that substantially reproduce intra-channel inter-pulse interactions for pseudo-random 
sequences with as many as 1 1 bits. 

Figures 5A and 5B show simulated values of the ROSNR for different regimes 
of Crops- Herein, the ROSNR is the minimum optical signal to noise ratio that is 

20 needed to obtain transmission with no more than a preselected bit error rate. The 

different values of Crops lead to different values for the Cp RE that optimizes the singly 
periodic map. The different simulated regimes correspond to values of Crops near 50 
ps/nm, 25 ps/nm, and 10 ps/nm, respectively and are shown by respective circular, 
square, and triangular data points in Figures 5 A and 5B. In both the single frequency- 

25 channel mode and the DWDM mode, the values for the ROSNR are several dB lower 
for Crops values near the lower 25 ps/nm values than for the Crops values near 50 
ps/nm. In the single channel mode, the values for the ROSNR are also about 2 dB 
lower for the lower Crops values near 10 ps/nm than for the Crops values near 25 
ps/nm. For the singly periodic map, the low Cpre values correspond to dispersion 

30 maps having low total excursions. Since maps having low total excursions need 
lower ROSNRs, such maps require less optical power to produce a selected BER. 
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In embodiments of optical communication path 20 of Figure3 A, nonlinear 
optical effects will also degrade optical pulses in a manner that depends on the total 
excursion. The dependence of such degradation on the total dispersion may be related 
to bit rates. High bit rates produce frequency components that undergo large time 
shifts while propagating through the optical communication path. The large time 
shifts produce interactions between long sequences of optical pulses and should grow 
with the total excursion of the dispersion map. For that reason, the required optical 
signal to noise ratios (ROSNR) should probably also increase with the total excursion. 

For these reasons, other dispersion maps with low total excursions should 
require lower ROSNR values for desired BERs than dispersion maps with higher total 
excursions. In various embodiments with low total excursion, the magnitude of the 
cumulative dispersion is low and below a preselected maximum value at all locally, 
maximum power points of transmission spans 26 of Figure3 A. The preselected 
maximum value for the magnitude of the cumulative dispersion in pico seconds per 
nanometer is preferably about 32,000 - 16,000 times the inverse of the bit rate in giga 
bits per second or preferably about 16,000 or less times the inverse of the bit rate in 
giga bits per second. For a bit rate of 40 giga bits per second, this produces a 
maximum total excursion of about 400 to 800 pico seconds per nanometer. 

For dispersion maps having a nonzero Crops, a low total excursion often 
implies that substantial numbers of local maximum optical power points of the spans 
of transmission fiber have negative cumulative dispersions and substantial numbers of 
such points will have positive cumulative dispersions. For example, in some 
embodiments, the most negative cumulative dispersion at any local maximum optical 
power point of a span of transmission fiber is about equal to negative one times the 
most positive cumulative dispersion at any such point. For various embodiments, the 
map ratio is preferably near one, e.g., the map ratio may be in the range of about 0.5 
to 2.0. Herein, the map ratio is defined as the sum of positive cumulative dispersion 
values at local maximum optical power points to the sum of the magnitudes of the 
negative cumulative dispersion values at local maximum power points. 

Figures 6-8 show exemplary dispersion maps for the optical communication 
path 20 of Figure3A in which total excursions are low. 
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Figure 6 shows a singly periodic dispersion map that has a low total excursion. 
For a singly periodic map, the total excursion is the magnitude of the sum of the 
largest cumulative dispersion at a local maximum optical power point of the last 
transmission span plus the negative of the most negative cumulative dispersion at a 
5 local maximum power point of the first transmission span. For many such maps with 
suitably low total excursion, the magnitude of the cumulative dispersion at such 
points should be about 32,000 - 16,000 or less ps/nm times the inverse of the bit rate 
in Gb/s. At a bit rate of 40 Gb/s, the magnitude of the cumulative dispersion at these 
points is thus, about 800 - 400 ps/nm or less. 

10 Figure 7 shows a doubly periodic dispersion map that has low total excursion, 

e.g., a map of an embodiment of optical communication path 20 of Figure 3A. In the 
doubly periodic map, Crops' s of some transmission spans take positive values, and 
Crops' s of other transmission spans take negative values. Also, in such a map, the 
cumulative dispersion oscillates in a manner that is periodic in the number of spans. 

15 This macro-oscillation period that defines the periodicity in a doubly periodic map is 
equal to a number of transmission spans, wherein the number is larger than one and 
smaller than the total number of transmission spans in the optical communication 
path. For many doubly periodic maps, the total excursion is about equal to the 
difference between the cumulative dispersion at a maximum optical power point in a 

20 last transmission span of such a macro-oscillation cycle minus the cumulative 

dispersion at a maximum optical power point in the first transmission span of the 
same macro-oscillation cycle. In embodiments with doubly periodic maps of low 
excursion, the maximum magnitude of the cumulative dispersion at local maximum 
optical power points of transmission spans is typically about 32,000 - 16,000 ps/nm 

25 times the inverse of the bit rate in Gb/s and is preferably about 16,000 or less ps/nm 
times the inverse of the bit rate in Gb/s. For a bit rate of 40 Gb/s, the magnitude of 
the cumulative dispersion at these points is about 800 - 400 ps/nm or less. 

Figure 8 shows a dispersion map of non-definite periodicity and low total 
excursion, e.g., a map of another embodiment of optical communication path 20 of 

30 Figure 3 A. In a dispersion map of non-definite periodicity, Crops' s of some 

transmission spans take positive values, and Crops' s of other transmission spans take 
negative values. Also, in such maps, the cumulative dispersion oscillates between the 
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various values in a manner that is not periodic over any integral number of 
transmission spans smaller than the total number of such spans in the optical 
communication path. Often, in such dispersion maps, the sign of the Crpsd also varies 
in a manner that is not periodic with any number of transmission spans that is less 
5 than the total number of transmission spans in the optical communication path. In 
various embodiments having a map of non-definite periodicity and low excursion, the 
maximum magnitude of the cumulative dispersion at local maximum optical power 
points of transmission spans is typically about 32,000 - 16,000 ps/nm times the 
inverse of the bit rate in Gb/s and is preferably about 16,000 ps/nm or less times the 

10 inverse of the bit rate in Gb/s. For a bit rate of 40 Gb/s, the magnitude of the 
cumulative dispersion at these points is about 800 - 400 ps/nm or less. 

Typically, a large cumulative dispersion at local maximum optical power 
points of a few of the transmission spans should not eliminate the advantage of low 
cumulative dispersion for the entire optical communication path. The pulse distortion 

15 produced by nonlinear optical effects at a few such points might not be large if the 
path has many transmission spans. Thus, the embodiments of Figures 7 and 8 are 
intended to also cover optical communication paths and optical transmission methods, 
wherein cumulative dispersions at only a portion of the local maximum optical power 
points of transmission fibers satisfy the above-described limits. In particular, about 

20 80 percent or more and preferably about 90 percent or more of a path's transmission 
fibers should have local maximum optical power points where the cumulative 
dispersion is about 32,000 - 16,000 ps/nm or less times the inverse of the bit rate in 
Gb/s. More preferably, the 80% or more and preferably 90% or more of such 
transmission fibers should be such that the cumulative dispersion at local maximum 

25 optical power points therein is less than about 16,000 ps/nm times the inverse of the 
bit rate in Gb/s. 

Among the dispersion maps useable in optical communication paths, the 
singly periodic map has undesirable properties for long haul paths. In particular, the 
singly periodic map produces a large eye closure penalty for transmitted pulses. The 
30 eye closure penalty is the ratio of the height of a transmitted optical pulse's eye to the 
height of a received optical pulse's eye averaged over an ensemble of such received 
pulses. Eye closure penalties are typically given in decibels (dB). 
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Figures 9 and 10 show simulated DWDM transmission results for an optical 
communication path similar to path 20 of Figure3A except in the total number of 
transmission spans. The simulated results of Figure 9 and Figure 10 correspond to 
dispersion maps that are singly periodic and doubly periodic, respectively. The 
5 simulations of Figures 9 and 10 are based on transmission parameters: RZ optical 

pulses, a data rate of 40 Gb/s per channel, a 33 % duty cycle, a 100 giga hertz channel 
spacing, and 0 dB input power per channel. The simulations are also based on the 
system parameters: a fiber dispersion of 4 ps per nm per km, a dispersion slope of 
0.07 ps/nm 2 per km, a fiber loss of 0.23 dB per km, an optical non-linearity 

10 coefficient y of 1 .84 per watt per km, lumped and noiseless optical amplifiers, span 
lengths of 100 km, and a receiver having a 4 th order Bessel filter with an optical 
bandwidth of 80 GHz and an electrical bandwidth of 30 GHz. 

Figures 9-10 illustrate eye closure penalties for various values of Crpsd and 
Cpre. Plates A, B, and C illustrate the eye closure penalty for path lengths of 1,000 

15 kilometers (km), 2,000 km, and 3,000 km, respectively. In the plates A, B, C, the 

white external regions "ER", dark boundary lines "BL", light internal regions "LIR", 
and dark internal regions "DER" represent approximate eye closure penalties of: more 
than 6 dB, about 5 - 6 dB, about 3.5 - 5 dB, and about 0.5 - 3.5 dB, respectively. 

A comparison of corresponding plates A - C of Figures 9 and 10 immediately 

20 evidences that long communication paths produce a smaller eye closure penalty if 
they use a doubly periodic dispersion map rather than the singly periodic dispersion 
map. In particular, for the 3,000 km long path, the doubly periodic path produces LIR 
regions in the Crpsd and Cpre space where the eye closure penalty is about 3.5 - 5 dB 
whereas the singly periodic map only produces ER regions where the eye closure 

25 penalty is greater than about 6 dB. Similarly, for the 2,000 km long path, the doubly 
periodic path produces DIR regions in the Crpsd and Cpre space where the eye closure 
penalty is about 0.5 - 3.5 dB whereas the singly periodic map only produces BL and 
ER regions where eye closure penalty is about 5 dB or larger. On the other hand, for 
the shorter 1,000 km long communication path and for signal power used here, both 

30 the singly and doubly periodic dispersion maps produce the DIR regions in the Crpsd 
and Cpre space where the eye closure penalty is relatively small, i.e., in the range of 
about 0.5 -3.5 dB. 



I 
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The results of Figures 5 A, 5B evidence that doubly periodic dispersion maps 
with a low total excursion have advantages over dispersion maps with a high total 
excursion. The results of Figures 9 and 10 evidence that doubly periodic maps also 
have advantages over singly periodic dispersion maps with comparably low total 
5 excursion for long communication paths. In some embodiments of optical 

communication path 20 of Figure3 A, doubly periodic maps have low total excursions 
and communication paths are long, e.g., total path lengths are more than 1,000 km and 
preferably are about 2,000 km or more. Embodiments of optical communication path 
20 in which the dispersion map has a non-definite periodicity and a low total 
10 excursion may also have advantages. Some embodiments with such dispersion maps 
also have long communication paths, e.g., total path lengths of more than 1,000 km 
and preferably of about 2,000 km or more. 

From the disclosure, drawings, and claims, other embodiments of the 
invention will be apparent to those skilled in the art. 



